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Abstract
For application in a THz scanning microscope we employ Josephson junctions from the high-temperature supercon-
ductor YBa2Cu3O7 on a so called Josephson cantilever to measure the local microwave power density in the half space
above a device under test. The Josephson junctions are prepared by pulsed laser deposition and argon ion etching on
symmetric LaAlO3 30◦-bicrystal substrates. To achieve high sensitivity at THz frequencies, a high IcRn product is re-
quired. Therefore, the Josephson junctions are operated on a cryo-cooler at low temperature of about 36K under vacuum
conditions. The high frequency characterization is accomplished in the near ﬁeld of a Gaussian far infrared gas laser
beam optically pumped by a CO2 laser. We use strong emission lines of formic acid at 762GHz and 1.2 THz for the
investigations and report on the electrical transport properties determined from the current-voltage characteristics of the
Josephson junctions under inﬂuence of external magnetic ﬁeld and far-infrared radiation.
c© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Horst Rogalla and Peter Kes.
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1. Introduction
Josephson junctions are commonly used high-Tc superconducting devices. They can be utilized in a
variety of applications for example in microwave devices such as the voltage-standard or radiation detectors.
Under the inﬂuence of high frequency irradiation with a frequency f , steps of constant voltage appear
in the current-voltage characteristics of the junction at integer multiples of h f /2e, the so called Shapiro
steps [1], and with interaction to Josephson vortices also fractional steps at voltages (n/m)/(h/2e) f , the
so called subharmonic steps, where n and m are integers [2]. Additionally, the critical current, which can
be regarded as the zeroth Shapiro step is reduced under the inﬂuence of an external rf-current according
to a Bessel function [3]. A magnetic ﬁeld modiﬁes the critical current as well as the width of the Shapiro
steps. Previous research focused on the investigation of frequencies in the GHz regime [4–10]. Some groups
investigated the properties of Josephson junctions in the THz-regime but no magnetic ﬁeld dependence was
evaluated [11, 12].
In our so called THz microscope, the Josephson junctions are used as sensors for magnetic ﬁeld, radiation
in the THz-frequency regime and for the measurement of temperature [13, 14]. One possible application of
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this system is the characterization of high speed microwave circuits [15]. Therefore, the properties of the
junctions in external rf- and static magnetic ﬁelds must be well known.
An optically pumped far-infrared (FIR) laser is used to study characteristics of Josephson junctions under
the inﬂuence of THz radiation in a magnetic ﬁeld. Here, we present investigations of transport properties in
a magnetic ﬁeld up to 3.5mT, while being irradiated by a gaussian FIR beam at 1.186 THz.
2. The THz microscope
The setup is mounted in a vacuum chamber with a screening shield consisting of three layers of Mu-
metal (thickness 2mm) and one layer of aluminum (thickness 2.5mm) providing a window for the FIR
radiation.
The Josephson junction is attached to a copper-beryllium spring which is held by a printed circuit board
mounted on a copper arm. The temperature of the junction is regulated by a combination of a silicon diode
as thermometer and a surface mounted device resistive heater which are both installed in the copper arm.
A closed-circle cryo-cooler is used to drain the heat down to 36K device temperature. The junction can be
moved in a volume of 15mm × 15mm × 15mm by a micro-positioning system achieving sub-micrometer
resolution, a tilt of the arm can be adjusted manually. Analog to an atomic force microscope, the probe
described above is called a Josephson cantilever [14].
A bias coil consisting of 800 windings situated above the Josephson junction is used to provide a ﬂux density
of 30 μTmA−1 at the probe position in z-direction to carry out magnetic measurements.
The generation of radiation in the THz frequency regime is accomplished by an optically pumped FIR gas
laser operating at strong emission lines of formic acid. In order to achieve a Gaussian beam proﬁle with
small waist diameter, the beam enters the vacuum chamber through a high-density polyethylene (HDPE)
lens and is then deﬂected by a 90◦ plane mirror. A detailed description of the system can be found in [16].
3. Preparation of the Josephson junction cantilevers
The YBa2Cu3O7 thin ﬁlm was fabricated via pulsed laser deposition on a symmetric LaAlO3 30◦-
bicrystal. After sputter deposition of silver and gold, 12 cantilevers consisting of several junctions, antennas,
leads, and contact pads were patterned in a photolithographic process and subsequent ion argon etching in
a parallel plate reactor. In a second structuring step, the silver and gold were removed from the Josephson
junction area. In order to separate the cantilevers the bicrystal-substrate was cut by a dicing saw.
4. Experimental setup
The characteristics of a Josephson junction with a width of 4 μm under inﬂuence of FIR irradiation with
a frequency of 1.186 THz and a magnetic ﬁeld were investigated at a temperature of 36K. To increase the
received power, a logarithmic periodic antenna is connected to the junction.
A tilt of the junction of about 30◦ relative to the coil led to a magnetic ﬁeld decreased by a factor of cos(30◦)
compared to horizontal alignment. The magnetic ﬂux density could be varied by the current through the coil
from 0 to 3.5mT.
While the FIR power PFIR was kept constant at 1mW, the coil was supplied with a triangular current of
135mA peak amplitude at 2mHz. A chopper operating at 42.3Hz was used to blank out the FIR irradiation
periodically so that the characteristics with and without irradiation could be determined in an almost static
ﬁeld. During one period of the chopped signal two complete I − V-curves of the junctions were recorded
resulting in a total number of 16000 curves.
5. Measurements
The Josepshon cantilever under investigation had a critical current Ic = 512 μA with a normal state
resistance Rn = 3Ω at T = 36K and for B = 0 and PFIR = 0. I −V-curves under the inﬂuence of a magnetic
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ﬁeld were recorded between 0 and 3.5mT in steps of 406.77 nT, from which a selection is depicted in
Figs. 1 (a) and (b). Figs. 1 (c) and (d) show measurements with additional THz irradiation. All the curves
depicted in Fig. 1 were smoothed using a boxcar algorithm over a range of 12 measurement points.
From these I − V-curves the diﬀerential resistance Rdiﬀ = dV/dI was evaluated, as shown in Figs. 1 (e)
to (h).
6. Results
The behavior of the investigated Josephson junction curves can be described by the resistively shunted
junction (RSJ) model due to the negligible capacitance of YBCO grain boundary junctions. As can be seen
in Fig. 1 (a) the critical current was reduced by applying a magnetic ﬁeld.
When FIR irradiation was applied to the Josephson cantilever, a broad ﬁrst Shapiro step with a width of
210 μA at VSh = 2.452mV and an additional subharmonic step at Vshm = 1.226mV were observed for low
magnetic ﬂux densities (Fig. 1 (c)). The relative height of the steps is in good agreement with the theoretical
values. When the magnetic ﬁeld was increased, the subharmonic step and the width of the Shapiro step
decreased until a ﬁrst minimum was reached. A further increase of the ﬁeld led to a broadening of the steps
until a maximum was reached followed by recurring decrease (Fig. 1 (d)).
The occurrence of a subharmonic step indicates an inhomogeneous current density distribution due to the
Josephson penetration depth λJ ≈ 0.76 μm at the operating temperature.
To reveal the details of the curves, the diﬀerential resistance is depicted in Figs. 1 (e) to (h). The curves of
the diﬀerential resistance show maxima at current values which correspond to the critical current. Minima
correspond Rdiﬀ to the positions of the Shapiro and the subharmonic steps (Figs. 1 (g)). In the region around
0.8mA, oscillations of the diﬀerential resistance can be observed. At the moment, their origin is not fully
understood but will be subject of further investigations.
The analysis of the relationship between the critical current and the magnetic ﬂux density was accomplished
by evaluating the maxima in the curves of the diﬀerential resistance. The analysis of the non-irradiated
junction yields a Fraunhofer pattern depicted in Fig. 2 (a). The critical current does not drop to zero at the
ﬁrst minimum of the pattern. This conﬁrms the assumption of an inhomogeneous current distribution across
the Josephson junction [4].
Fig. 2 (b) shows the results obtained by the analysis of the critical current under the inﬂuence of FIR
irradiation. The critical current with FIR irradiation also follows a Fraunhofer pattern. At B = 0 the critical
current is reduced by only a few percent. This indicates that only little FIR power was coupled into the
junction. The LaAlO3 substrate exhibits a dielectric permittivity of r = 24 which leads to reﬂections of
the incident high frequency waves. Additionally, the substrate thickness of 1mm allows substrate modes
to be excited. Thus, the received power in the junction is dramatically reduced although an antenna was
connected to the Josephson junction. Nevertheless, a broad ﬁrst Shapiro step and a subharmonic step can be
observed.
The width of the Shapiro step can also be calculated from the separation of the local maxima in the diﬀeren-
tial resistance curves. In static magnetic ﬁelds, it follows a Fraunhofer pattern which is shown in Fig. 2 (b).
Above 2.0mT the width of the Shapiro step could not be evaluated accurately due to noise, therefore it is not
presented here. The inaccuracy results from the vanishing amplitude in the diﬀerential resistance at values
of the magnetic ﬁeld close to the second minimum in the Fraunhofer pattern.
7. Conclusions
For the application in the THz microscope, the properties of the employed Josephson junctions - which
are used as sensors for magnetic ﬁeld and power distributions - were investigated. We used the THz micro-
scope setup to characterize the transport properties of the junctions under the inﬂuence of FIR irradiation
with PFIR = 1mW at 1.186 THz and an additional magnetic ﬁeld up to 3.5mT at a junction temperature of
36K. The employed junction had an IcRn-product of 1.536mV at 36K. The I −V-curve could be described
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Fig. 1. (a) and (b) depict the I − V-curves of the Josephson junction for diﬀerent magnetic ﬁeld values. In (c) and (d) the junction is
additionally irradiated by a gaussian beam at 1.186 THz. (e) to (h) show the diﬀerential resistance derived from the measurements (a)
to (d). All curves are smoothed by a boxcar algorithm with a range of 12 data points.
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Fig. 2. Relationship of the critical current (a),the critical current under inﬂuence of FIR irradiation and the width of the ﬁrst Shapiro
step (b) with the magnetic ﬂux density.
by the RSJ-model indicating a small capacitance of the junction barrier.
By applying FIR irradiation to the junction in addition to a weak magnetic ﬁeld, a Shapiro step at VSh =
2.452mV and a subharmonic step at Vshm = 1.226mV were clearly observed although only a few percent
of the incident FIR power were received. An increasing magnetic ﬁeld modulated the critical current with
and without FIR irradiation and the width of the Shapiro step following Fraunhofer patterns.
The occurrence of a subharmonic step and the non-ideal Fraunhofer pattern of the critical current indicate
an inhomogeneous current density distribution and most presumably, the interaction with the motion of
Josephson vortices.
The experiments accomplished in the THz microscope setup revealed that the employed Josephson junc-
tions can be used for the measurement of magnetic ﬁelds and FIR irradiation if their properties are well
characterized.
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